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ABSTRACT 
Based on the high contrast in dielectric properties between the low-water-contain 
sample and the high-water-content one, we can determine whether the tissue sample is 
cancerous or normal.  In order to make the measurement repeatable and convenient, 
some phantom materials, which have the same dielectric properties of human tissues, 
have been prepared.  These phantom tissues are made from gelatin, water with honey 
syrup and Sodium Chloride (NaCl).  In this project, we are going to measure and 
compare the dielectric properties of different types of phantom tissues by using focused 
beam antennas.  The purpose of this project is to perform a systematic characterization of 
complex dielectric properties of different breast tissues in a wide frequency range 
(dielectroscopy). 
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Chapter 1 :  
INTRODUCTION 
1.1. OBJECTIVE 
Breast cancer is considered the second leading cause of cancer death in women 
next to lung cancer. However, the current methods in breast cancer detection by 
using X-rays, Ultrasound Mammography or Magnetic Resonance Imaging still have 
many disadvantages and X-rays may even have some harmful side effects. 
Therefore, the requirement for a better method in breast cancer detection has 
become imperative. Microwave technology is considered a good alternative method 
for early stage breast cancer detection using non-ionizing radiation [1]. 
Based on the high contrast in dielectric properties between the low-water-
contain tissues and the high-water-content ones, scientists have been considering 
another method in detecting breast cancer. In this approach, water, which is the 
main component of biological cells, can be used to classify different types of tissues 
based on its high dielectric properties. The higher percent of water in a cell is 
corresponding to the higher dielectric properties of this tissue. Using the fact that 
cancerous tissues have much higher amount of water than other tissues such as fat 
or skin, it provides a good alternative way for early stage breast cancer detection by 
using microwave technology [2]. 
In this project, the use of a free space microwave system using highly focused, 
constant phase front microwave beams for localized and illumination of biological 
tissues is used. A second aspect of the proposed research is the preparation of breast 
phantom tissues using gelatin-oil-and water composites. By varying the 
composition, different types of tissues phantoms can be prepared. These phantom 
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tissues should not only have the same dielectric properties as human tissues but can 
also be measured in different ranges of frequency. These phantom tissues are made 
from gelatin, water with honey syrup and Sodium Chloride (NaCl) [3]. 
The advantages of phantom tissues are low cost and high longevity (up to 9 
weeks). According to Lazebnik et al, these phantom tissues have equivalent 
electrical properties as human tissues [3]. However, making phantom tissues is 
difficult to achieve since the properties of these materials are easily affected by 
many factors such as thickness, surface, temperature, moisture, etc. 
Overall, the objective of this project is to perform a systematic characterization 
of complex dielectric properties of different breast tissues in a wide frequency range 
(dielectroscopy). These properties can be used to build up the database for 
microwaves imaging technique of breast cancer detection. From our point of view, 
using microwave techniques in breast cancer detection can provide objective and 
consistent results, which can detect breast cancer at an early stage. Furthermore, this 
method not only provides the lowest possible side effects but also makes patients 
feel comfortable. 
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1.2.  BREAST CANCER DETECTION 
Tumor is formed when abnormal cells grow in an uncontrolled way and replace 
normal cells in the body.  Benign breast tumors, which are not cancerous, do not 
spread out in patient’s body.  However, malignant breast tumors can spread from 
the breast to other parts of the body and cause death. 
Breast cancer is known as the second leading cause of cancer deaths in women 
next to lung cancer.  However, breast cancer can be treated in the earlier stage of its 
development, if we can detect exactly the size, location and the condition of the 
tumor.  Consequently, detecting breast cancer becomes an important subject, which 
interests many scientists [1].   
The most common method of detecting breast cancer is X-ray mammography. In 
this method, X-rays are used to generate a 2-D image from breast tissues. The main 
disadvantage of this method is the inconclusive results, which might miss 15% of 
breast cancer. Furthermore, the ionizing properties of X-rays might cause some side 
effects [2].  
Ultrasound Mammography method, which transmits high frequency sound waves 
to the target area of breast, has also been considered as an alternative way to detect 
breast cancer. In this technique, the reflected sound waves are recorded and sent to a 
computer program to generate 3-D image of the breast. Although this method is safe 
and inexpensive, it is effective only for uniform and large tumors [2].  
Among these methods of breast cancer detection, Magnetic Resonance Imaging is 
known as the most potential technique. In this process, the patient is placed in a 
strong magnetic field, and then radio waves are used to transmit into the body for a 
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few seconds. Only retransmitted radio waves will be recorded to reconstruct the 
image. However, this method not only costs a lot of money but also takes a lot of time 
to operate.  
Due to the disadvantage of these methods in detecting breast cancer, scientists 
have begun to research alternative ways to detect breast cancer. Among many 
possible solutions, microwave technique is a good alternative for early stage breast 
cancer detection based on the high contrast in dielectric properties between normal 
and cancerous tissues [4].   
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Chapter 2 :  
REVIEW OF BIOLOGICAL TISSUES AND ANATOMY 
OF BREAST 
 
2.1 HISTOLOGY OF TISSUE 
Tissues are formed by groups of cells with similar structural and functional 
characteristics, which operate collectively within an organism. There are four basic 
tissue types: epithelium, nerve, muscle, connective tissue. 
Epithelium covers all organ and body cavities as well as form tubular structures 
within many organs. Epithelial tissue provides the essential functions of protection, 
separation of cavities from other organ tissues, as well as regulates the absorption and 
secretion across the epithelium. Epithelia also form the major tissue component of 
glands and skin epidermis, which play an important part in determining the dielectric 
properties of tissues.   
Connective tissue, which contains few cells separated by extra cellular matrix 
molecules, provides structural and metabolic support.  There are many subtypes of 
connective tissues, which share the main function of binding the other tissues together 
within organs or binding organs together. 
Nerve is a type of electrically excitable tissue which receives stimuli, processes 
them, and transmits signals to target tissues.  Nerve tissue can integrate the functions 
of the whole body through its anatomic components of the nervous system: central 
nervous system, including brain, spinal cord and peripheral nervous system including 
ganglia, and peripheral nerve. Nerve tissue has major cellular components: neurons 
(nerve cells) and glia (support cells). 
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Muscle is a type of electrically excitable tissue which is responsible for 
movements corresponding to specific stimuli such as signals from nerve. Muscle has 
three major subtypes distributed in distinct organs. Skeletal muscle attaches to bone, 
responsible for pulling skeletal elements closer together. Cardiac muscle is the major 
tissue component of the heart, which causes blood to move through heart. Smooth 
muscle is the main component in walls of many internal organs, which can reduce the 
size of internal cavities of the structure or organ [5]. 
 
2.2 ANATOMY OF A WOMAN’S BREAST 
Generally, a female breast has two functional parts: milk production part is 
responsible for producing and distributing milk; whereas breast support part is 
accountable for the shape and biological structure for the breast.  
Milk production part includes milk ducts, nipple, areola, lobes and lobules. 
There are about 15-20 lobes, formed by groups of lobules. They branch out from 
nipple and interconnect with each other. The lobules are arranged around and funnel 
milk to the nipples by tiny tubes called milk ducts. Milk production part also 
includes some small oil glands located around areola, which will release a lubricant 
that protects the nipples during nursing.  
The tissues in the breast that provide support and shape are fat, ligaments, 
connective tissue, chest muscle, blood vessels, lymph nodes and vessels. The breast 
is mainly filled by fat tissues between the lobules and ducts. Although the breast 
does not have any muscle tissues, muscle tissues are located over the rib cage to 
support and connect the breast to the chest. Besides, connective tissue and 
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ligaments that attach to the skin of the breast also share the responsibility of 
supporting and forming the shape of the breast. The breast contains two types of 
vessels, blood and lymph. Blood vessels are responsible for supplying nutrients to 
the breast tissue and carrying away waste; whereas, lymph vessels carry fluid which 
contains cells that help the body fight infection [6]. 
 
Fig 2-1: Illustration of Breast Anatomy [6] 
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Chapter 3 :  
DIELETRIC PROPERTIES OF TISSUE 
 
3.1 ROLE OF WATER IN DIELETRIC PROPERTIES OF TISSUES 
About 70 percents of human weight is water. Two-thirds of this water is 
located within cells; whereas the remaining third consists of extra cellular water 
that serves as a means of transporting chemicals between cells and the external 
environment [7]. Therefore, water is not only the most abundant component of all 
living cells but is also considered a key factor in determining the permittivity of 
tissues.  
Biological tissue mainly consists of two kinds of water molecules: bound 
water and free water. When rotation of free water in an electric field is prevented 
by its interaction with proteins, bound water will be formed [8]. Besides, 
depending on its content and interaction with other macromolecules, the 
properties of tissue water can be varied.  
By using dielectric spectroscopy, Hasted shows that water has three relaxation 
domains, solid water relaxing in the kHz domain, bound water relaxing around 
MHz, and free water relaxing in the microwave (GHz) region [9]. Further research 
on “Free and/or bound water by dielectric measurements” by Henry et al shows a 
significant difference between the complex permittivity of free and bound water 
[10]. Based on this fact, they suggest that we can distinguish between free and 
bound water by using a dielectric measurement. 
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3.2 WATER STRUCTURE 
The molecule of water is comprised of two atoms of hydrogen and one atom of 
oxygen bounded together through covalent bonds, each of which consist of a pair of 
electrons shared between two atoms.  In this case, the single electron of each H is 
shared with one of the six outer-shell electrons of the oxygen forming covalent bonds. 
The remaining four electrons of the oxygen electrons are left alone and form two non-
bonding pairs, which is also called lone pair electrons as shown in figure 3-1.  
 
 
Fig 3-1: Lone pair electrons in water molecule [11] 
 
Theoretically, the arrangement of oxygen in the center, and the two hydrogen 
atoms and two lone pairs at the corners would lead to a tetrahedral structure so that 
the distance between them is maximized. In this case, the angle between electron 
pairs should be 109.5°. However, since lone pair electrons try to get away from each 
other as far as possible, they exert a stronger repulsion against the two covalent 
bonding pairs and push two hydrogen atoms closer together. The resulting angle gives 
water a 104.5° bond angle. 
 
With this unique bent tetrahedral structure, water has two distinct sides. One side 
of the water molecule has two negative lone pairs, while the other side has two 
hydrogen atoms. Because water has both positive and negative ends, it can interact 
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with itself to form a highly organized 'inter-molecular' network. Hydrogen Bonding 
will then be formed by the interaction between the positive hydrogen of one molecule 
with the negative lone pair of another water molecule as shown in figure 3-2 below.  
 
Fig 3-2: Hydrogen bonding in water [12] 
Hydrogen bonding is a type of weak electrostatic attraction, which allows water to 
interact with an electric field as shown in figure 3-3.  
 
Fig 3-3: Interaction of water with electric field [12] 
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3.3 MICROWAVE PROPERTIES OF TISSUES 
The permittivity of biological tissues is determined dispersion phenomena. It 
mainly depends on the electro chemical behavior of cells and its cellular structure as 
well as the intra-cellular fluid [13]. The cell membrane allows low frequencies current 
flow around the cells, whereas higher frequencies current may penetrate the cells. The 
dielectric behavior of biological tissues can be determined by a number of 
dispersions, based on their relaxation time in a given frequency band. 
.  
Fig 3-3: Illustration of different types of dispersion [14] 
 
α-dispersion occurs at low frequency and is mainly due to the charging of 
intracellular membrane. β-dispersion locates in RF frequency range and is mainly 
caused by the charging of cellular membranes in tissues. δ-dispersion centered at 
100MHz, results from the fact that the electrical properties of water in some local 
particles are perturbed by their neighborhoods.  For γ-dispersion, the dielectric 
properties of tissues above 100MHz are determined by the intra-cellular electrolytes.  
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Currently, there is only a limited data on dielectric properties in the millimeter 
wave band due to the difficulties in preparing the sample and making measurement 
over a wide frequency range.  By using free space measurement systems, we can 
provide a good alternative solution for measuring sample tissues a wide the frequency 
range. However, preparing phantom tissues which have the same properties as real 
biological tissues is a challenge.  There are many possible methods to make phantom 
tissues. In these samples, the amount of water content plays an important part.  
Previous researches shown by Martin and Mashimo showed that pure water can 
have the highest frequency relaxation phenomenon, which can confirm again that the 
dielectric behavior of tissue in the millimeter-wave band is determined by its water 
content [15] [16]. It was also proven that the higher content of water, the higher real 
permittivity of the tissue. This fact is very useful for us to explain the variation in 
dielectric properties of different types of tissues. 
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Chapter 4 :  
PHANTOM TISSUES 
 
4.1 COMPONENTS OF PHANTOM TISSUES 
In order to make the measurement repeatable and convenient, we have to mimic 
human tissues by using gelatin-based phantom tissues. These phantom tissues are 
made from gelatin, water with honey syrup and Sodium Chloride (NaCl). By varying 
the composition, different types of tissues phantoms can be prepared. These phantom 
tissues should not only have the same dielectric properties with human tissues but 
also be measured in different ranges of frequency [3]: 
% wt  % wt  
Volume 
% Oil 
p-toluic 
acid 
n-
propanol 
% wt 
water 
% wt 
Dry 
gelatin 
% wt 
Formaldehyde 
% wt 
Oil 
% wt 
surfactant 
10 0.078 3.12 74.15 1.27 0.31 8.52 0.45 
30 0.062 2.48 59.03 10.56 0.25 26.16 1.46 
50 0.045 1.81 42.96 7.69 0.18 44.42 2.89 
80 0.02 0.76 18.08 3.24 0.076 74.78 3.04 
 
TABLE 4-1: Compositions of phantom tissues 
 
 
The advantages of these phantom tissues are the low cost and high longevity (up 
to 9 weeks). According to Lazebnik et al, the 10% oil samples approximate the 
dielectric properties of cancerous tissues, whereas the 80% oil samples approximate 
the dielectric properties of breast fat. Similarly, the 20% and 30% oil samples 
correspond to wet skin and dry skin, whereas the 25% sample has the dielectric 
property close to normal skin tissue [3].   
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From the table 4-1, different types of human tissues can be made by selecting the 
percentages of oil in the solutions as shown in table below: 
10% V Oil 
20% V 
Oil 
25% V 
Oil 
30% V 
Oil 
80% 
V Oil Permittivity 
 % Weight Cancerous 
Wet 
skin 
Normal 
Skin 
Dry 
skin Fat ε' 
p-toluic acid 0.078 0.07 0.066 0.062 0.02 3.47 
n-propanol 3.12 2.8 2.64 2.48 0.76 20.8 
water 74.15 66.59 62.81 59.03 18.08 64.79 
Dry gelatin 1.27 5.915 8.2375 10.56 3.24 80 
Formal. 0.31 0.28 0.265 0.25 0.076 3.5 
Oil 8.52 17.34 21.75 26.16 74.78 
Kerosen (CnH2n+2): 2  
Safflower (C27H50O6): 
3.9 
Surfactant 0.45 0.955 1.2075 1.46 3.04 25.3 
 
      TABLE 4-2: Compositions of phantom tissue and permittivity of ingredients 
 
 
P-toluic acid or 4-methylbenzoic acid, which has chemical formula 
(CH3)C6H4(COOH), is an aromatic carboxylic acid. According to the handbook 
“Chemistry and physics” by David Lide, the permittivity of p-toluic acid is 3.47 [17]. 
 
Fig 4-1: p-toluic acid  
Propan-1-ol is a primary alcohol with the formula CH3CH2CH2OH. It is also 
known as 1-propanol, 1-propyl alcohol, n-propyl alcohol, or simply propanol. The 
permittivity of p-toluic acid is 20.8 [17]. 
 
Fig 4-2: 1-propanol  
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Gelatin is a translucent brittle solid substance, colorless or slightly yellow, nearly 
tasteless and odorless, extracted from the collagen inside animals' connective tissue. It 
has been commonly used in food, pharmaceutical, photography, and cosmetic 
manufacturing. According to Takahashi et al, the permittivity of gelatin is 80 [18]. 
The chemical compound formaldehyde is a gas with a pungent smell. It is the 
simplest aldehyde, of which the chemical formula is H2CO. According to the David 
Lide, the permittivity of p-toluic acid is 3.5 [17]. 
 
Fig 4-3: Formaldehyde  
Kerosene or paraffin oil is a colorless flammable hydrocarbon liquid. The 
chemical formula of kerosene is CnH2n+2 with 22<n<27. Kerosene has the permittivity 
around 2 [17]. 
Safflower is a highly branched, herbaceous, thistle-like annual, usually with many 
long sharp spines on the leaves. The chemical formula of safflower oil is C27H50O6 
[19].  The permittivity of safflower is about 3.9 [17]. 
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Fig 4-4: Safflower oil 
The surfactant that we use to make phantom tissue is Procter and Gamble Ultra 
Ivory Dishwashing Liquid. According to material safety datasheet provided by 
Procter and Gamble, the main component of Ultra Ivory is Ethanol C2H6O [20]. 
Ethanol is a flammable, colorless, slightly toxic chemical compound with a 
distinctive perfume. In common usage, it is often referred to simply as alcohol. The 
permittivity of ethanol is 25.3 [17]. 
 
Fig 4-5: Ethanol 
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4.2 PHANTOM PREPARATION 
In this research, we succeeded in the preparation of breast phantom tissues using 
gelatin-oil-and water composites. The advantage of these phantoms materials is that 
they are stable over a long period and can be used for wide-band frequencies.  
However, preparing these phantom tissues is difficult to achieve since the properties 
of these materials are easily affected by many factors such as thickness, surface, 
temperature, moisture etc. 
In ideal condition, the thickness of the sample should be about one-fourth to 
three-fourth the wavelength of the mid band frequency (λ/4 to 3λ/4).  It means that a 
certain phantom tissues can only be used in certain bands and its thickness should be 
accurate.  At high frequency, the thickness of the sample should be relatively small 
which make it very hard to prepare and measure such samples. 
Secondly, the surface of the sample should be flat and homogeneous.  For 
microwave measurement using focus beam antenna, the surface of the sample can 
give a great effect on the S parameters, which will consequently affect the result.  
However, it is not easy to make an absolute flat-surface phantom tissue since the 
viscosity of high-percent-oil samples is too low. 
The last factor that might affect the characteristic of the phantom tissues is its 
stiffness.  In theory, each type of sample must have a certain stiffness corresponding 
to the percentage of chemicals inside the mixture.  For example, the 10% oil phantom 
tissues are harder than the 90% ones.  However, the effect of moisture and 
temperature makes it becomes difficult to prepare and protect these sensitive samples. 
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The procedures to make cancer and normal tissue phantoms are provided by 
Lazebnik et al. 
4.2.1 The procedure to make cancer tissue phantom (10% to 50% V oil) 
- Step 1: Mix 0.2g of P-Toluic acid into 10 ml n-propanol. Heat and stir. 
- Step 2: Mix solution (1) into 190 ml of 18 M deionized water. 
- Step 3: Add – stir 34g (dry) of 200 bloom gelatin into solution (2) 
- Step 4: Cover baker with Saran Wrap, heat in double boiler. 
- Step 5: When solution becomes transparent with no bubbles, remove baker. 
- Step 6: Stir mixture, remove bubbles 
- Step 7: Continue to stir mixture and cool it to about 50 oC. 
- Step 8: Pour 200 ml of mixture into another baker containing X ml oil at 50oC. 
- Step 9: Vigorously stir the mixture. 
- Step 10: Stir the mixture; add 0.56 ml of “Ultra Ivory.” 
- Step 11: Cool the mixture to 40 oC. 
- Step 12: Add 2.16g of formaldehyde solution (37% by weight formaldehyde) 
(about 0.0108g formaldehyde per ml of gelatin solution). 
- Step 13: Cool to 34oC, pour into container; allow at least 5 days for 
formaldehyde cross-linking of gelatin to be completed. 
4.2.2 The procedure to make normal tissue  phantoms (50% to 90% V oil) 
- Step 1: Mix 0.2g of P-Toluic acid into 10 ml n-propanol. Heat and stir. 
- Step 2: Mix solution (1) into 190 ml of 18 M deionized water. 
- Step 3: Add – stir 34g (dry) of 200 bloom gelatin. into solution (2) 
- Step 4: Cover baker with Saran Wrap, heat in double boiler. 
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- Step 5: When solution becomes transparent and no bubbles, remove baker. 
- Step 6: Stir mixture, remove bubbles 
- Step 7: Continue to stir mixture and cool it to about 50 oC. 
- Step 8: Pour 200 ml of mixture into another baker containing 200 ml oil at 
50oC. 
- Step 9: Vigorously stir the mixture. 
- Step 10: Stir the mixture; add 0.56 ml of “Ultra Ivory”. 
- Step 11: Stir, add 100 ml of 50oC oil. 
- Step 12: Stir, add 100 ml of 50oC oil. 
- Step 13: repeat (17) until no more oil left. 
- Step 14: Cool the mixture to 40 oC. 
- Step 15: Add 2.16g of formaldehyde solution (37% by weight formaldehyde) 
(about 0.0108g formaldehyde per ml of gelatin solution). 
- Step 16: Cool to 34oC, pour into container; allow at least 5 days for 
formaldehyde cross-linking of gelatin to be completed.   
         
 
 
 
 
 
 
 
Microwave Dielectroscopy of Breast Tissue Phantoms in the 5.8-40 GHz range 20  
Chapter 5 :  
FREE SPACE MEASUREMENT  
 
5.1 CALIBRATION AND FREE SAPCE MEASUREMENT  
Before performing measurement, we need to do calibration to remove the errors 
caused by the multiple reflections between the focused beam antennas and the mode 
transitions via the surface of the sample.  In this project, we used two-port TRL 
calibration techniques in free space as shown below following the method outlined by 
D. K. Ghodgaonkar,  V. V. Varadan and V. K. Varadan [21].   
 
Fig. 5-1: Free space measurement system 
Since the phantom tissue samples are thin and flexible, they may have some 
sagging effects, which can cause errors for the measurement.   A possible approach 
for this problem is the metal back measurement.  In this measurement, microwaves 
are transmitted directly to the sample, which is supported by a metal plate on its back.  
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Although this method can eliminate the effect of sagging, it can only measure the 
reflected signals.  Therefore, it is not an accurate method to measure phantom tissues. 
 
Fig. 5-2: Metal-back measurement 
Another approach for measuring phantom tissues is the use of sandwich 
measurement.  In this measurement, the sample is sandwiched between two standard 
planar plates, which are low loss materials such as Quartz or Plexi-glass.  These 
plates prevent the sample from sagging.  Since the signals transmit and reflect 
between three layers, the collected S-parameters show the combination characteristics 
of the sample and two plates.  In order to get the properties of sample, we have to 
extract its parameters from the combined results.  Although the sandwich 
measurement can provide a reasonable result, it still has some small errors due to the 
mismatch in dielectric properties of the sample and the supporting plates [22].   
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Fig. 5-3: Sandwich measurement 
In order to solve this problem, we can use the matching layer measurement, which 
is similar to the sandwich measurement.  In this method, the standard planar plates in 
sandwich measurement are replaced by the matching layer plates which have 
thickness about quarter-wavelength of the mid band frequency and dielectric constant 
close to the square root of the dielectric constant of the sample.  The matching layer 
method is very efficient for measuring phantom tissues, because it not only prevents 
the sample from sagging but also reduces the reflection due to mismatch as well as 
allows more signals to transmit.   
 
Fig. 5-4: Matching layer measurement 
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Parameters for matching measurement: 
4/21 mplateplate dd λ==                       
sampleplateplate εεε == 21      
After performing the measurement, the free space system will give us the 
reflection coefficient (S11) and transmission coefficient (S21) of the sample or its 
combination with supporting plates.  These S parameters can be related to the г and T 
parameters by the following equations [22]: 
22
2
11
1
)1(
T
TS Γ−
−Γ=
                                                      
22
2
21 1
)1(
T
TS Γ−
Γ−=
                                                                   
Where, 
Γ = Reflection coefficient of the air-sample interface. 
T= Transmission coefficient of the air-sample interface. 
From these parameters, we can calculate the dielectric properties of the sample: 
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Where, 
γo  = Propagation constant of free space. 
γ = Propagation constant of the sample. 
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For the sandwich measurement or matching layer measurement, we have the S-
parameters of plate1, plate2 and the combination of three layers (sample sandwiched 
between two plates). 
In the first step, we convert these S-parameters into ABCD parameters.  After 
conversion, we have the ABCD-parameters of plate1 (A), plate2 (B) and the 
combination (C) of three layers (sample sandwiched between two plates). 
By using the Cascading property, we can calculate the ABCD parameters for 
sample only ([ABCD]S):  
    [ABCD]S = ([ABCD]A)-1 x[ABCD]C x ( [ABCD]B)-1    
The ABCD parameters of the sample will be converted back into S-parameters so 
that we can calculate dielectric properties of the sample [22]. 
  ABCD to S conversion            
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S to ABCD conversion    
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5.2 MATHEMATICAL ANALYSIS 
In this analysis approach, we use Jones Calculus to verify our measurement. 
Although Jones Calculus is originally a mathematical technique for describing the 
propagation of light in latched media, we can apply this method in microwaves 
because there is a similarity in the physical behavior of these waves. This method can 
calculate the evolution of the polarization state as waves pass through samples [22]. 
Furthermore, by using Jones matrix, we can calculate reflection coefficient, 
transmission coefficient, electric field, magnetic field of the wave and impedance of 
the sample at any position, any frequency and any thickness. This program can also 
analyze oblique incidence and simulate the distribution of electromagnetic field.  
Jones calculus: 
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5.2.1 Parallel Polarization  
Let 
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From boundary condition, we have: 
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Similarly, we can find the matrix for the second and third layer: 
 
333333
cos
222
cos
222 coscoscoscos 2222 θηθηθηθη θθ −+−−+ Φ−Φ=Φ−Φ djkdjk ee  
−+−−+ Φ+Φ=Φ+Φ 33cos2cos2 2222 θθ djkdjk ee  
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
Φ
Φ
−
+
3
3   = 
2
1   
(
(⎢⎢
⎢⎢
⎣
⎡
−
+
−
−
22
22
cos
3
2
3
2
cos
3
2
3
2
)
cos
cos1
)
cos
cos1
θ
θ
η
η
θ
θ
η
η
θ
θ
djk
djk
e
e
  
(
( ⎥⎥
⎥⎥
⎦
⎤
+
−
22
22
cos
3
2
3
2
cos
3
2
3
2
)
cos
cos1
)
cos
cos1
θ
θ
η
η
θ
θ
η
η
θ
θ
djk
djk
e
e
⎥⎥⎦
⎤
⎢⎢⎣
⎡
Φ
Φ
−
+
2
2  
 
⎥⎥⎦
⎤
⎢⎢⎣
⎡
Φ
Φ
−
+
3
3  = [ ]32Μ ⎥⎥⎦
⎤
⎢⎢⎣
⎡
Φ
Φ
−
+
2
2  
 
The relationship between the first layer and third layer: 
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General case for any i-th layer: 
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5.2.2 Perpendicular Polarization  
Electric field equations: 
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Magnetic field equations: 
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Similarly, we can find the matrix for the second and third layer: 
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General case for any i-th layer: 
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* For Quarter wave slab: 
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* For Half wave slab: 
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Chapter 6 :  
SIMULATION VERIFICATION 
6.1 SOME SPECIAL CASES: 
6.2.1 Metal Plate 
 Since metal plate has a perfect conductivity, all the waves will be reflected 
back. Therefore, through out the frequency range, Reflection Coefficient |S11| should 
be 1, and Transmission Coefficient |S12| should be 0 as shown in figure 6-1. The 
verification of metal plate measurement can be very useful for reflected standard in 
our TRL calibration.  
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Fig. 6-1. Verification of metal plate measurement using simulation 
 
 
 
 
Microwave Dielectroscopy of Breast Tissue Phantoms in the 5.8-40 GHz range 35  
6.2.2 Slab of thickness half wavelength at mid-frequency (X band) 
Region μ' ε' ε'' d 
1 (Air) 1 1 0 0 
2 (Plexiglas) 1 2.6 0 λmid/2 
3 Air) 1 1 0 0 
 
TABLE 6-1: Verification of half wavelength slab 
 
We can see that in the middle of the frequency band where thickness of the slab is 
exactly a half of the wavelength, all the fields will pass through the slab. Therefore, at 
this point, Reflection Coefficient |S11| should be 0, and Transmission Coefficient 
|S12| should be 1 as shown in figure 6-2. 
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Fig. 6-2: Verification of half wavelength sample  
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6.2.3 Brewster Angle 
Fresnel reflection and transmission coefficients for perpendicular and parallel 
polarization: 
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The Brewster angle θB is defined as the incidence angle θi at which the Fresnel 
reflection coefficient г = 0. 
  
 
TABLE 6-2: Verification of Brewster Angle  
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Fig. 6-3: Verification of Brewster Angle for water surface using Matlab 
Region μ' ε' ε'' d Angle start Angle  end Brewster   Angle   
1 1 81 0 λ 0 90 83 
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6.2 VERIFICATION OF SANDWICH MEASUREMENT 
After getting dielectric properties of the samples, we can use Jones calculus to 
write a Matlab program, which can verify the S parameters from the Free Space 
measurement. From the comparison between calculation and measurement, we 
can see that there are slight differences between those results due to some 
rounding in calculating process or some systematic errors during the 
measurement. However, these errors are small enough for us to ignore.  
To verify the measurement, we use Teflon is sandwiched between two 
Plexiglas plates as shown in table below. 
    
Fig. 6-4: An example of sandwich measurement  
 
Teflon
Plexiglas 1 
Plexiglas 2 
d1 d3
d2
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Fig. 6-5: Verification of reflection coefficient from measurement with simulation  
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Fig. 6-6: Verification of transmission coefficient from measurement with simulation  
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The verification of sandwich measurement of Teflon and two Plexiglas can be 
summarized in the table below: 
 
 
TABLE 6-3: Verification of sandwich measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 EXPERIMENT SIMULATION 
Frequency (GHz) 
|S11| 
(dB) 
S11 
Phase 
|S21| 
(dB) 
S21 
Phase
|S11| 
(dB) 
S11 
Phase 
|S21| 
(dB) 
S21 
Phase
12.4 -6.33 -27.53 -1.16 64.01 -6.19 -28.95 -1.19 60.99
15.2 -8.68 -53.96 -0.72 39.75 -8.43 -55.01 -0.67 34.88
18 -14.35 -85.89 -0.23 11.89 -14.41 -83.88 -0.16 5.83
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Chapter 7 :  
FACTORS AFFECTING PHANTOM MEASUREMENT 
 
7.1 EFFECT OF COMPRESSION  
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Fig. 7-1: Dielectric properties of a phantom sample under different compression 
conditions 
 
Higher compression will cause a significant decrease in real permittivity and 
slightly increase in the loss. This phenomenon makes the measurement become 
more sensitive and challenging. In order to make accurate and repeatable 
measurements, besides, measuring carefully the thickness of the phantom using 
micrometer, we have to make sure that our sample should be perfectly fit in the 
sample holder as well as move the antenna exactly up to micrometer. 
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7.2 EFFECT OF ENVIRONMENT AND AGING PROCESS 
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Fig. 7-2: Dielectric properties of one sample under different environmental conditions 
Another problem that we have to face with is the effect of environment on 
dielectric properties of tissues. Without the effect of environment, the dielectric 
properties of the phantom are stable and reasonable over the frequency range. 
However, if the sample was left in the room without cover or storage for a week, 
its dielectric properties will be greatly affected. At the higher frequency, the effect 
becomes more obvious. Therefore, although all the samples are maintained in a 
very good condition, they just can be used for a certain period of time.  
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Chapter 8 :  
PHANTOM MEASUREMENTS 
 
As mentioned earlier, the sandwich measurements performed using Free Space 
System were performed to get the dielectric properties of different types of tissue 
sample. In this thesis, we will focus on measuring and analyzing the properties of 
three basic and important types of tissues: cancerous tissues, skin and fat tissue. By 
doing this way, we want to build the systematic characterization of different breast 
tissues so that we can distinguish them easily later by their dielectric properties. 
The cancerous tissues and skin tissues in this project were prepared based on 
tissues-mimicking phantom materials  proposed by Lazebnik et al; whereas, the fat 
samples were collected from real beef tissues. For each type of phantom tissues, two 
samples with different thickness will be used to clarify the accuracy of the result as 
well as repeatability and stability of sample preparation.  
In order to make sure that the samples were homogeneous and properly made, 
we measured each sample at five different locations: center, left, right, top, bottom.  
The average dielectric properties of these five-location measurements will be 
calculated and used as the main characteristic to compare different types of tissues. 
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8.1 CANCEROUS TISSUES (10% VOLUME OIL) 
8.1.1 Cancerous Tissues sample 1 (d=1.53mm) 
The first cancerous tissue phantom, which is corresponding to 10% volume oil or 
74.15% weight water, was prepared and measured by using sandwich measurements. 
The results from these measurements will be calculated and compared with other 
published data from Lazebnik et al. and Gabriel to clarify the accuracy of our method.   
From the graph below, we can see a great agreement between dielectric properties 
of phantom tissues by using Free Space measurement versus probe measurement by 
Lazebnik et al. The main difference is that Free Space system allows us to measure at 
a very wide range of frequency with a high accuracy level.  
In order to confirm these data again, we also compare the result with well-known 
Gabriel’s measurements for fat and muscle tissues, which were proven to be 
compatible with Cole-Cole model.  The permittivity of cancerous tissue has real part 
closed to muscle and significantly higher than fat tissues. The high dielectric 
properties of cancerous tissue make it significantly distinguished with other types of 
tissues. From the graph, we can also see that the conductivity of cancerous tissues is 
increasing with frequency.  
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Fig. 8-1: Dielectric properties of the first cancerous-tissue sample over 5.8 to 40 GHz 
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8.1.2 Cancerous Tissues sample 2 (d=1.42mm)  
Similarly, the second cancerous tissue phantom was also measured by free space 
system and compared with measurements by Lazebnik et al. and Gabriel. Although 
this sample has the different thickness than the first sample one, the components and 
procedure to make it are exactly the same with the previous one. Therefore, we would 
expect the dielectric properties of these samples should be similar and close to muscle 
as shown in figure 8-2 below. 
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Fig. 8-2: Dielectric properties of second cancerous-tissue sample over 5.8 to 40 GHz 
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8.1.3 Comparison of two samples 
The dielectric properties of the two samples will then be compared to verify our 
results. In ideal condition, the dielectric properties of these homogeneous samples 
should be the same. However, some errors may happen during the process of 
preparing the phantoms or performing the measurements. These errors may be 
subjectively due to rounding amounts of chemical, placing and compressing the 
samples differently; or they may be objectively due to the effect from environment, 
systematic errors, or the aging of materials. Nevertheless, the differences between 
these samples are less than 10% of their values, which is reasonable and acceptable 
for engineering experiments. Furthermore, these values are not only similar to other 
results from Lazebnik et al but also locate in the reasonable range for cancerous 
tissues based on Cole-Cole model.  
From the graph, we can also see that at higher frequency range, the variation 
becomes larger. This phenomenon is due to the fact that at high frequency, the 
wavelength becomes so small, which makes the measurement becomes very sensitive 
to any change in materials or surrounding environment. Consequently, measuring 
dielectric properties of tissues is a challenge for medical applications of microwave. 
On the other hand, the higher frequency, the smaller wavelength also means the more 
points and locations on the sample can be measured. This fact is very helpful for us to 
detect the location of small tumors by performing the microwave imaging in the 
future.        
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Fig. 8-3: Comparison of dielectric properties of two cancerous-tissue samples  
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8.2  SKIN TISSUES (30% VOLUME OIL) 
The permittivity of skin tissues from free space measurement will also be 
compared with probe measurement by Lazebnik et al. and Gabriel’s results based on 
Cole-Cole model as shown in figure 8-4. Similar to cancerous tissues, skin tissues 
also have dielectric properties higher than fat tissues and lower than muscle. 
However, these dielectric properties are still significantly lower than the ones from 
cancerous tissues. In other words, the real and imaginary permittivity of skin tissues 
locate in between fat and muscles tissues, which makes it easy to distinguish but is 
also a great source of impedance mismatch and poor penetration of microwaves. 
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Fig. 8-4: Dielectric properties of skin-tissue samples  
 
Microwave Dielectroscopy of Breast Tissue Phantoms in the 5.8-40 GHz range 55  
8.3 COMPARISON OF SKIN AND CANCEROUS TISSUES: 
The dielectric properties between cancerous and skin tissues will then be compared to help us 
determine the possibility of this method. From these graphs, we can see clearly that there is a 
significant variation between the dielectric properties of these tissues. The permittivities of these two 
types of tissues vary by 10 units for real as well as imaginary part. In term of conductivity, these 
tissues differ by 5 Siemens per meter (S/m). 
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Fig. 8-5: Comparison of dielectric properties of skin versus cancerous tissue samples  
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Since biological tissues are mainly composed of water, we can use the dielectric 
polarity of water to explain the outcome results. According to Pethig, cancerous 
tissues have much higher amount of water than other tissues such as fat or skin ones 
[23]. For that reason, we can expect that the deviations of these dielectric properties are 
due to the amount of water content in each type of tissues. When an incident wave 
travels through higher water contains tissues, it will be faced with a larger attenuation 
and greater power absorption than the normal or fat tissues. Consequently, the 
permittivity and conductivity of high-water-contain tissues such as malignant or 
muscle will be higher than the low-water-contain ones such as fat or skin [24]. 
From the results of these phantom samples, we can realize that although there is a 
significant variation between two types of phantoms corresponding to cancerous and 
skin tissues, the difference between each pairs of a sample type is very small. By 
using this fact, we can conclude that each type of phantom tissues will have a certain 
dielectric properties compatible with real tissues, which will allow us to have many 
repeatable and homogeneous samples. Furthermore, the comparable results between 
our Free Space measurement, Probe measurement by Lazebnik et al, and Cole-Cole 
model can verify the accuracy and precision of our method. 
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Chapter 9 :  
REAL FAT MEASUREMENTS 
 
Preparing the real breast tissues with a high condense of fat and oil combination 
has been a challenge for researchers. One of the possible solutions for this problem is 
to add more surfactant to the sample, which can make the phantom become more 
solidified by increasing the cross-link in the materials. However, the amount of 
additional surfactant and the degree of solidification of the sample cannot be precise 
and repeatable.  An alternative approach in measuring real fat tissues by Campbell, 
which showed correspondence in dielectric properties between human tissue and 
animal tissues, has been considered [25].  
In this measurement, real fat tissues from beef were processed and prepared 
carefully by professional custom-meat processing company to make sure the samples 
were purely fat and homogenous. The samples were stored in cold temperature and 
isolated from environment until it was allowed to soften for half an hour before the 
measurement. The samples were then measured to determine the optimum thickness 
allowed over the selected frequency range. Once the thickness of the tissue sample is 
measured, time-domain gating was applied to filter out effects of post-calibration 
mismatches and possible multiple-path transmission. 
Similar to phantom measurement, the real fat beef samples were measured at five 
different locations by using sandwich measurement as shown in figure 9-1. The S 
parameters will then be collected and extracted to give us the dielectric properties of 
the sample by using TEP conversion or RTEPMU conversion. The TEP 
(Transmission coefficient to Epsilon) conversion is only depends on the transmitted 
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wave so it can only give us the permittivity of a sample. On the other hand, the 
RTEPMU (Reflection and Transmission coefficient to Epsilon and Mu) conversion 
use both reflected and transmitted wave to give us the permittivity as well as the 
permeability of a sample. Therefore, for high loss materials such as phantom or 
biological tissues, the TEP conversion is normally preferred. However, RTEPMU 
conversion can sometimes be used as additional references. 
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Fig. 9-1: Dielectric properties of beef fat tissue at 5 different locations* 
* Measurement with support from Tarek Said, PhD Cancidate, University of Arkansas 
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From previous graphs, we can see that there are slightly differences between the 
measurements. These errors may happen during performing the measurements or the 
water distributions were not the same in these locations. However, the differences are 
less than 10% of their values, which is reasonable and acceptable for engineering 
experiments. 
The average dielectric properties of these fat measurements are also compared 
with the experimental data done by Gabriel for not infiltrated fat tissues as shown in 
figure 9-2. From the graph, we can see the great agreement between our fat 
measurements by free space systems with Gabriel’s measurements which are 
compatible with Cole-Cole model.  
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Fig. 9-2: Dielectric properties of beef fat tissue vs. Gabriel’s fat measurements* 
* Measurement with support from Tarek Said, PhD Cancidate, University of Arkansas 
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Chapter 10 :  
MEASUREMENT RESULTS 
 
After investigating and analyzing the dielectric properties of each type of 
tissues, we then put all these data together. From figure 10-1, we can see that the 
dielectric properties of fat, skin, and cancerous tissues are significantly varied 
throughout a wide range of frequency.  Cancerous tissues which contain a large 
amount of water   (about 75% weight of water) have extremely high dielectric 
properties.  On the other hand, real fat tissues, which are low-water-contain 
samples, have very small dielectric properties. Skin tissues have the amount of 
water relatively higher than fat tissues and lower than cancerous tissues, which 
makes their dielectric properties locate between fat and cancer tissues.  These 
properties can be used to build up the database for microwaves imaging technique 
of breast cancer detection. By using these database, we will also be able 
distinguish the dielectric properties of many different types of tissues just base on 
their dielectric properties.  
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Fig. 10-1: Dielectric properties of different types of tissue  
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Chapter 11  
CONCLUSIONS 
 
11.1 CONCLUSIONS 
Although breast cancer is a serious disease which is considered the second leading 
cause of cancer death in women, the current methods in breast cancer detection still 
have many disadvantages. Therefore, detecting breast cancer at its early stage 
becomes an important subject, which interests many scientists.  
Based on the high contrast in dielectric properties between low-water-contain and 
high-water-content tissues, scientists have been considering another method in 
detecting breast cancer. In this approach, water, which is the main component of 
biological cells, can be used to classify different types of tissues based on its high 
dielectric properties. However, there is only a limited data on dielectric properties of 
tissues in the millimeter wave band due to some technical difficulties in preparing the 
sample and making measurement over a wide frequency range.   
In this project, we succeeded in preparing phantom tissues by using gelatin-based 
materials, which not only have the same dielectric properties as human tissues but can 
also be measured in different ranges of frequency [3]. Furthermore, by using free 
space measurement systems, we can provide a good alternative solution for 
measuring samples over a wide frequency range. The results from our experiment 
verify that there are significant variations among different types of tissues correspond 
to the distribution of water in each type of tissue. Cancerous tissues, which contain a 
larger amount of water, have extremely high dielectric properties.  On the other hand, 
real fat tissues, which contain a small amount of water, have very small dielectric 
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properties. Skin tissues have the amount of water relatively higher than fat tissues and 
lower than cancerous tissues, so their dielectric properties locate between fat and 
cancerous tissues.  These properties can be used to build up the database for 
microwaves imaging technique of breast cancer detection.         
From our point of view, using microwave techniques in breast cancer detection 
can provide objective and consistent results, which can detect breast cancer at an 
early stage. Furthermore, this method not only provides the lowest possible side 
effects but also makes patients feel comfortable. 
      
11.2 FUTURE WORK 
The team is planning to work on new types of sample which can be made by 
injecting some cancer phantom tissues into skin tissues. By scanning different spots 
in the sample, we hope to differentiate cancer tumors from skin tissues based on the 
difference in their dielectric properties, as well as detect the location and size of the 
tumor area. Some other samples with injected steel balls, which simulate the 
appearance of cancer tissues, will also be investigated.  
In the future, we hope to fabricate the model of entire human breast. This model 
should have the same shape and structure as the real human breast. It also should have 
different layer of sample corresponding to normal tissues, fat tissues, skin tissues and 
some small portion of cancer tissues inside. The sample will then be scanned by the 
automatic free space measurement systems to characterize the dielectric properties at 
any point of the phantom breast. 
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